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Received 24 October 2005; accepted 29 November 2005AbstractA population of Theodoxus fluviatilis L in the littoral zone of Lake Esrom was investigated from November 1977 to
February 1979. The population was sampled every month in the winter period and twice during the rest of the year.
Biomass was estimated as ash-free dry weight (AFDW) of the organic matter both of the soft parts of the animal and
the shell itself. The relation between AFDW (c) and shell length (l) was log c ¼ 2.9509 log (l)1.7120. The
population comprised more than 1 year-class, which could be separated by shell length, by a narrow band on the shells
and the growth of algae on the shell. The life cycle lasted 21
2
 3 years. The oldest animals had a shell length of
7.0–7.5mm. A few individuals who were estimated to be 3 1
2
years had a shell length up to 8.6mm. Population density
varied between 575 and 2115 individualsm2 on the stony substratum. The average was 1160 individualsm2.
Mortality was low during the summer period. In winter many animals died due to the effect of ice and stormy weather
on the stony substratum. Growth of the animals was estimated from the shell length. Maximum growth was observed
from May to August with no growth during the winter. Egg capsules were found on the stones all year round. New
capsules were found from late May to the middle of November. Most freshly laid capsules were observed in May–June
and August–September. Capsules from the late summer hatched in spring and capsules laid in the spring hatched in
August–September. The average annual net production for the whole population was estimated by three methods. The
Allen curve method gave 1.895AFDWm2, the growth-increment method gave 1.784mgAFDWm2 and the Hynes
method 2.284mgAFDWm2. Corresponding estimated P/B ratios were 1.29, 1.30 and 1.57. Annual net-production of
the four investigated year-classes was 16mgAFDWm2 year1 for 1975, 224mgAFDWm2 year1 for 1976,
1.258mgAFDWm2 year1 for 1977 and 287mgAFDWm2 year1 for 1978. P/B ratios for the three oldest year-
classes were, respectively, 0.32, 0.50 and 1.67. A comparison with other investigations on gastropod life cycles,
reproduction and P/B ratios is made and differences discussed. Variations are correlated to temperature, and food
quality and quantity.
r 2005 Elsevier GmbH. All rights reserved.
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Theodoxus fluviatilis is often the most abundant
gastropod on the stony substratum in the upper littoral
zone of hardwater lakes (Berg, 1938; Ehrenberg, 1957;
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Hubendick, 1947). It is also common on stones in swift
running rivers (Macan & Maudsley, 1969) and in the
wave zone in brackish coastal waters with salinity less
than 18% (Hubendick, 1947; Jaeckel, 1952). T. fluviatilis
extends from the Pyrenees and the British Isles to the
Caucasus, and from Sardinia and Central Italy to
Sweden and the coasts of Finland, though absent from
Finnish inland waters and from the middle Danube
basin (Fretter & Graham, 1978).
However, the life history of T. fluviatilis is little
known. A study of the growth, mortality, reproduction
and production of the snail and of the environmental
factors affecting these parameters was required. The
stony substratum in the upper littoral zone of Lake
Esrom, Denmark is suited for such an investigations
partly due to presence of a large population of
T. fluviatilis and partly because environmental para-
meters are investigated, e.g. the diel oxygen content in
the stony substrata, and the food resources and
respiration of the snails. The aim of the work was to
link some of these factors to the life history of
T. fluviatilis (Kirkegaard, 1980). The investigation was
carried out at the locality of Graverhus on the western
shore, where a pilot survey had indicated that Theo-
doxus reached its peak abundance.
A description of dimictic, Lake Esrom (17.3 km2) are
given in Berg (1938), Jo´nasson (1972) and Dall et al.
(1984).Material and methods
The sampling programme included 230 samples of
stones and underlying substrata, each taken from within
a circular iron ring of 30 cm diameter and enclosing an
area of 700 cm2 (Dall, 1981). The upper littoral zone at
Graverhus is exposed and without emergent vegetation.
Fagus and Alnus are the dominant trees on the lake
bank. The sampling area was 85m long and 8m wide
with water depths of 0.4–0.7m. This section of the
littoral zone has a rather uniform pavement of stones of
ﬁst-size or smaller.
Sampling began in November 1977 and terminated in
February 1979. Two to 13 sample units were collected
on each of the 24 sampling occasions (Table 1). Samples
were taken randomly from numbered 1m2 sections of
the sampling area. All stones lying half or more inside
the ring sampler were carefully lifted into a bucket
placed on the lakebed. A small 200 mm mesh sieve was
used to dig up the substratum to a depth of 5–6 cm. All
stones (42.5 1.0 1.0 cm) were brushed after an
examination for and the counting of any egg capsules
present. Each sample unit was preserved in 2%-
neutralised formaldehyde. The length (L), height (H)and width (W) of each stone was measured to the
nearest 1
2
cm to enable an estimate of total stone surface
area to be calculated according to the formula p/3
(LH+LW+HW) (Dall, 1979).
Sieving in the laboratory was made with a 500 mm
mesh size sieve, which ensured that newly hatched
individuals of Theodoxus were retained. Sorting was
made by hand and all gastropods identiﬁed and
counted. All specimens of Theodoxus were measured.
Two parameters were used, i.e. the greatest length of the
operculum and the greatest length (morphological the
width of the animal) of the shell in units of 0.1mm.
About 400 individuals of varying size from 10
different sampling occasions were dried at 60 1C to
constant weight (2–10 days) and the dry weight (DW)
determined by weighing to the nearest 0.001mg on an
Electro balance (Cahn, model 29). Incineration at
490 1C for 6 h enabled determination of individual
AFDW.
Water temperature was recorded with a max/min.
Thermometer placed on the lake bottom in the sampling
area at Graverhus. The lake was ice covered for 3 weeks
in February 1978, and during January and February
1979.
The mean density and 95% CL of individual year-
classes were calculated for log (x+l) transformed counts
of individuals. Final calculations of abundance were
based on the arithmetic means with the transformed CL
corrected as suggested in Elliott (1977). The calculated
abundance at different dates was ﬁtted to an exponential
model by means of regressions analysis.
The calculations of mean individual weight were
based on log/log relations between shell length in
millimetres and total AFDW in milligrams. Net annual
production was calculated by the growth-increment
method as described in Waters and Crawford (1973)
with conﬁdence limits estimated according to Morin,
Mousseau, and Roff (1987). Net annual production was
also calculated by Allen curve method (Allen, 1951) and
Hynes methods (Hynes, 1961).Results
A total of 17,206 individuals of Theodoxus were
collected during 1977/1979 (Table 2). The calculated
abundance m2 in Table 2 was based on the ratio
between calculated surface area of stones and lake
bottom area. Stones collected from the 707 cm2 ring
sampler represent an actual bottom area in the range of
6–800 cm2. The calculations of total stone surface area
per sample unit, however, enabled calculation of
numbers of individualsm2 stone surface. The mean
surface area of stones in the 230 sample units (795%
CL) was 1720744 cm2, which represent an average
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Table 2. Number of collections and total and numbers m2 for egg capsules and individuals of Theodoxus fluviatilis per year-class
obtained in each collection
Collection no. Numbers per sampling Numbers (m2)
Eggs Snails Eggs (m2) Snails
Total Total 1974 1975 1976 1977 1978 Total 1974 1975 1976 1977 1978
1 149 140 — 1 43 96 — 1294 1216 0 9 373 834 0
2 932 625 1 11 186 427 — 1693 1136 2 20 338 776 0
3 898 726 — 9 142 575 — 1131 914 0 11 179 724 0
4 461 308 — 1 54 253 — 1222 817 0 3 143 671 0
5 1018 616 — 18 145 453 — 1231 745 0 22 175 548 0
6 596 280 1 7 53 219 — 1275 599 2 15 113 468 0
7 770 459 — 5 82 372 — 932 556 0 6 99 450 0
8 1091 553 — 9 108 436 — 1139 577 0 9 113 455 0
9 1101 593 — 12 135 429 17 1235 665 0 13 152 481 19
10 1069 527 — 5 81 380 61 1232 608 0 6 93 438 70
11 1526 514 — 13 80 318 103 2131 718 0 18 112 444 144
12 1056 585 — 7 65 327 186 1505 834 0 10 93 466 265
13 1002 611 — 2 50 280 279 1356 827 0 3 68 379 377
14 1019 720 — 2 65 334 319 1477 1043 0 3 94 484 462
15 872 1159 — 0 74 253 732 1131 1503 0 0 96 328 949
16 576 1209 — 0 49 336 824 813 1707 0 0 69 475 1164
17 965 1161 — 1 75 360 725 1176 1415 0 1 91 439 884
18 525 631 — 1 34 182 414 1359 1634 0 3 88 471 1072
19 835 1043 — 0 51 275 717 1134 1417 0 0 69 374 974
20 971 1252 — 0 45 364 843 1295 1670 0 0 60 485 1124
21 1289 1186 — 1 52 343 790 1854 1706 0 1 75 493 1136
22 1306 1343 — 0 52 383 908 1961 2016 0 0 78 575 1363
23 393 449 — 1 12 137 299 906 1035 0 2 28 316 689
24 768 516 — 0 15 196 305 994 668 0 0 19 254 395
21,188 17,206 2 106 1748 7728 7522 31,476 26,026 4 155 2818 11,828 11,087
For each collection dates, numbers of samples taken and mean area of stones sampled are shown in Table 1.
J. Kirkegaard / Limnologica 36 (2006) 26–41 29bottom area of 707 cm2. Thus, the calculated abundance
was reduced by a factor 0.41 in order to achieve
estimates of individuals m2 bottom. The relation
between stone surface and bottom area is within the
range obtained in a previous study at Dr. Bøge in Lake
Esrom (Dall, 1979).
Selected frequency histograms based on measured
shell lengths are shown in Fig. 1. The histograms
indicate a life cycle of about three years, and a
maximum shell length of 8.6mm. It appears, however,
that measuring the shells alone is insufﬁcient for
estimates of individual age of the snail (Jo´nasson,
1996). T. fluviatilis has a 4-year life cycle as described
by the survivorship curve (Fig. 2).Age and length/weight relations
All snails collected were classiﬁed according to the
amount and location on the shells of growth of alga, and
the shells themselves were examined for patterns ofgrowth retardation, indicating a winter period (Neu-
mann, 1959; Skoog, 1971). Juveniles less than
4.0–4.2mm always had clean shells and no signs of
growth retardation during their ﬁrst season of growth.
By the following summer they showed a narrow
retardation band on the shells, indicating stagnant
growth during winter and the shells were overgrown
with algae, such as blue-greens and tufts of Cladophora.
Shells of 2-year-old individuals often showed two
distinct bands, and between these one or two quite
narrow, irregular bands. The whole shell was more or
less overgrown during summer. Finally, some of the
biggest individuals (length 8.0–8.6mm) showed a
pattern of narrow, irregular bands in front of the second
winter band. The narrow irregularities have been
interpreted, as a result of starvation (Neumann, 1959),
but could equally be a result of stagnant growth during
reproduction. The biggest individuals (47.0mm) often
showed signs of decomposition/erosion on the oldest
parts of the shells. It is possible that the erosions are
caused by growth of Cladophora crispa (Berg, 1938).
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J. Kirkegaard / Limnologica 36 (2006) 26–4130These considerations imply that the maximum life
span is approximately 31
2
years with a corres-
ponding shell length of 8.0–8.6mm. The separation of
individuals in year-classes revealed that the total
material of 17,206 individuals of Theodoxus was
comprised of the following numbers and in each year-
class: 2 (1974), 106 (1975), 1748 (1976), 7828 (1977) and
7522 (1978) (Table 2).
The allometric relation between shell length and
operculum length is shown in Fig. 3. The length of the
operculum increased to about 3.5mm at a shell length of
approximately 7.0mm. Bigger snails showed no increase
in length of the operculum. The correlation between
shell length and individual AFDW was examined for
365 snails collected on seven different sampling occa-
sions. Individual regressions were made in order to
check for temporal variations, but the differences
proved non-signiﬁcant (x240:05). The same applies
for the intercepts (range 1.688–1.717) estimated using a
common regression coefﬁcient of 2.9509. The ﬁnal
regression (795% CL) between shell length (L in mm)
and individual AFDW (Wa in mg) was
logðW aÞ ¼  1:7120ð0:0142Þ
þ 2:9509ð0:0246Þ logðLÞ. ð1Þ
The corresponding regression for DW (Wd in mg) was
logðWdÞ ¼  1:0362ð0:0180Þ
þ 3:2478ð0:0310Þ logðLÞ. ð2Þ
The isometric relation between DW (Wd) and AFDW
(Wa) thus was
logðW aÞ ¼ 0:7705þ 0:9086 logðWdÞ. (3)
The amounts of organic matter in the shells were
examined on 37 empty shells with lengths in the range of
1.7–8.4mm. The average percentage AFDW of shell
DW was 2.42%, with a range of 1.62–3.28%. No
correlation was found between % AFDW and length of
shells.
Therefore if it assumed that the % AFDW/DW in
Theodoxus individuals without a shell is about 95%,
then the organic matter of the shells amounts to 10–20%
of total organic content of the snails. Organic matter in
the shells thus contributes considerably to the metabo-
lism of the populations.
Reproduction
More than 21,000 egg capsules were counted on the
stones collected during the sampling period 1977/1979
(Table 2). The capsules were often placed in small
clusters of 4–5. Older capsules were yellow/brown and
often overgrown with epiphyton, whereas the fresh ones
were almost white and clean. Some of the capsules
collected during spring 1978 were old, dark and musthave been produced in the previous year. The age of the
capsules and the developmental stage of the embryos
were examined in detail from June 1978 until January
1979. A number of stones were brought back to the
laboratory and all capsules removed and examined. The
results are summarised in Table 3. Only one juvenile
hatches from each capsule, and the rest serve as
nourishment for the surviving individual (Bondesen,
1940). The capsules were categorised as either old
(produced in 1977) or new, and the content as empty,
containing eggs, or containing juveniles with shells
lengths of 0.5–0.8mm. All developmental stages were
found throughout the period examined. Most capsules
measure 0.9–1.1mm in diameter. Those smaller
(0.5–0.8mm) were always empty, and are considered
as sterile (Bondesen, 1940; Neumann, 1959).
Freshly laid capsules were observed from late May to
mid-November. This coincides with the period during
which the lake water is 10 1C or warmer (Fig. 4). Newly
hatched juvenile Theodoxus with a shell length of
0.8–0.9mm were observed during the period late
May–November (Fig. 1). The recruitment of juveniles
showed two maxima in July and September. The ﬁrst
empty capsules of those laid during spring and summer
were found by mid-August. This implies that the time
spent in the capsules approximates 2–3 months during
summer. The corresponding developmental time for
overwintering capsules was about 7–8 months. It was
assumed that the development of embryos ceased at
temperatures below 10 1C.
If it is accepted that Theodoxus reaches maturity at a
shell length of 5.5–5.7mm (Skoog, 1971; Ulrich &
Neumann, 1956) and that the sex ratio is 1:1 (Neumann,
1959), then the estimated number of capsules per female
approximates 40 capsules per individual during summer
and about 20 capsules per individual during the second
burst in reproduction in autumn. The estimated
abundance of mature females was about 50 and 100
individualsm2 during summer and autumn, respec-
tively (Fig. 4).
The second period of intense recruitment (Table 2 and
Fig. 4) lasted until the temperature decreased below
10 1C. The reproducing individuals were either those
producing capsules during spring, or newly matured
individuals of the 1977 year-class, which by August–
September had reached the mature size of 5.5–5.7mm
shell length. The fecundity could well be higher than the
estimated 20 capsules per individual during October–
December, if only some of the mature females con-
tributed.Mortality
The population of Theodoxus at Graverhus showed a
maximum density of about 2100 individualsm2 during
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Fig. 1. Histograms of population of Theodoxus fluviatilis in Lake Esrom from December 1997 to December 1979. The individuals
are divided into size groups for each 0.2mm. Histograms of population of Theodoxus fluviatilis in Lake Esrom from December 1997
to December 1979. The individuals are divided into size groups for each 2mm.
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J. Kirkegaard / Limnologica 36 (2006) 26–4132autumn. A minimum of 556 individualsm2 was found
during spring in 1978 (Table 2). The mean annual
abundance averaged 1084 individualsm2. This value
is close to the average of 1160 individualsm2 foundat Kongebro, Lake Esrom during 1936/1937 (Berg,
1938).
It is apparent (Fig. 2) that mortality was highest
during winter, probably due to the mechanical effects of
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Fig. 3. Relation between shell length (mm) and operculum
length, dry weight (DW mg) and ash-free dry weight (AFDW
mg) of Theodoxus fluviatilis.Biomass, growth and production
The overwintering year-classes showed no sign of
growth until May 1978, when the water temperature
reached 410 1C (Figs. 4 and 5). Reproduction and
hatching of juveniles from overwintering capsules
started in late May (see also Fig. 6). The mean shell
length of newly hatched snails was 0.8–0.9mm corre-
sponding to a mean individual AFDW of 0.012mg.
The growth and m2 of each year-class are shown in
Figs. 7 and 8.
The estimates of net annual production in
mgAFDWm2 are given in Table 4. The three estimates
are rather similar, giving an annual estimate of
1800–1900mgAFDWm2. The growth-increment
method is recommended when dealing with single
species and distinct cohorts (Waters & Crawford,
1973). However, the assumption of this method was
not fulﬁlled in the case of Theodoxus, because the
prolonged period of recruitment of the 1978 year-class
affected the estimated mean individual weight of
individuals during summer and autumn (Fig. 7). The
size–frequency method should be reasonably accurate if
lifetime here estimated at 3 1
2
years estimated correctly, if
the time spent in each size class is constant, and if the
number of size classes is appropriate for the observed
growth pattern (Iversen & Dall, 1989). The estimates
here were based on the use of 20 size classes and 24
samples per year. The calculations were made directly
from estimates of individual AFDW in each size class.
These measures should together ensure reliable produc-
tion estimates by the size–frequency method.
When Theodoxus has more year-classes, which over-
lap each other, production can be estimated using Allen
curves for each year-class (cohort). The Allen curves(Fig. 9) are estimated taking into account the physical
effects and sudden mortality caused by ice and stormy
weather in the winter period.
The estimated P/B ratios (Table 5) were in the
range of 1.30–1.57, depending on the method of
production estimates. The values are approach to the
average of 1.70 for long-lived molluscs reported in
Waters (1977).Discussion
Theodoxus is morphologically suited to a life in
streams with a swift current and in the wave zone of
lakes. It is ﬁrmly attached to the exposed surfaces of
ARTICLE IN PRESS
Table 3. Analysis of egg capsules from June 1978 to January 1979
Collection no. Date Number of capsules
With eggs With embryos Empty
9 01.06.1978 11 20 13 30%
10 13.06.1978 11 29 7 15%
11 29.06.1978 9 24 6 15%
12 12.07.1978 24 26 16 24%
13 29.07.1978 6 7 1 7%
14 11.08.1978 22 11 8 20%
15 30.08.1978 25 4 14 33%
16 14.09.1978 12 1 11 46%
17 27.09.1978 10 3 25 66%
19 27.10.1978 4 14 7 28%
20 09.11.1978 25 18 25 37%
21 23.11.1978 44 91 25 16%
22 07.12.1978 36 65 26 19%
23 05.01.1979 6 19 5 17%
Embryos include visible animals with a shell in the range 0.5–0.8mm.
J. Kirkegaard / Limnologica 36 (2006) 26–4134stones where few other invertebrates can maintain an
active existence (Bondesen, 1950; Wesenberg-Lund,
1908).
Theodoxus is often the most frequent gastropod in
exposed littoral shores, but its distribution in freshwater
localities is restricted to biotopes with a high Ca++
content (Boycott, 1936; Hubendick, 1947; Macan &
Maudsley, 1969; Wesenberg-Lund, 1908). It made up
83% of the gastropod fauna in the present investigation
at Graverhus in Lake Esrom (Kirkegaard, 1980), and it
contributed about 89% of the gastropods at Kongebro
during 1936/1937 (Berg, 1938).
The present survey has shown that the population
densities of Theodoxus vary considerably in Lake
Esrom. Berg (1938) found an average of 1160 in-
dividualsm2 at Kongebro in 1937, where the abun-
dance during 1979/1980 was about 338 individualsm2
(Table 6). This apparent decrease in density cannot be
explained entirely by differences in the sampling and
sieving techniques. The lake has become slightly more
eutrophic during the past 50 years, and we must assume
that the enrichment has altered the living conditions
especially in the littoral zone.
Quantitative records of abundance in other fresh-
water localities show similarly great variations, but no
published reports show densities exceeding more than
the 1000 individualsm2 obtained at Graverhus station
in Lake Esrom. Theodoxus was absent in eutrophic Lake
Borrevann, Norway (Økland, 1964), and neither was it
recorded in the oligotrophic, Lake Konnevesi in Finland
(Sa¨rrka, 1972). Investigations in other Danish lakes
have shown abundances of 500–2000 individualsm2
during the summer (Kirkegaard & Dall, unpublished).
Other records include mean annual densities of 671 in-
dividualsm2 in River Susaa (Jo´nasson, 1948) and
219 individualsm2 in Dybsø Fiord (Muus, 1967).The maximum length of the life cycle of Theodoxus in
Lake Esrom was 3 1
2
years. Previous studies have found a
life cycle lasting 2 years, but with a few individuals living
for a third year (Becker, 1949; Ulrich & Neumann,
1956). Boycott (1936) estimated the life cycle as lasting
2–3 years, and Skoog (1971) found three size-classes the
largest of which appeared to be composed of two age
groups. This indicates a 3–4 year life cycle as in Lake
Esrom.
A simple annual, semelparous life cycle is commonly
found among Pulmonata and small species of Proso-
branchiata (Calow, 1978; Gillespie, 1969; Russell-
Hunter, 1961a, b; Young, 1975). An iterparous cycle,
with individuals living two or more years and reprodu-
cing more than once, is common among larger species of
Prosobranchiata (Browne, 1978; Calow, 1978).
However, some populations e.g. Bithynia tentaculata
reproduce after 1 year and then die, while other
populations may show a cycle of the iterparous type
(Boycott, 1936; Calow, 1978; Lilly, 1953; Mattice, 1972;
Scha¨fer, 1953; Young, 1975). It has been demonstrated
that life-cycle strategy among gastropods can depend
on, among other factors, temperature and food avail-
ability (Russell-Hunter, 1961b).
It is generally agreed that the water temperature
initiates capsule deposition. Several studies have shown
that gastropod reproduction starts at a temperature of
10–12 1C (Boerger, 1975; DeWitt, 1955; Eversole, 1978).
Each egg capsule of Theodoxus contains 100–200 eggs,
when the population lives in freshwater, whilst the
smaller, about 0.8mm wide capsules, produced in
brackish water contain 55–80 eggs (Bondesen, 1940).
The average density of capsules at Graverhus station in
Lake Esrom equalled 1100m2 (Fig. 4). The encapsu-
lated, overwintering embryos hatched during May–
August after an average period of 8 months, since the
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Fig. 4. Lake water temperature in 1C and number of eggs, new
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Table 5. The average biomass and P/B ratios for each year-class and the total population
Year-class Average biomass (mgm2) P/B ratio
Growth increment Hynes
Total 1978 Total 1978 Total
1975 54.6 (18) 50.1 (16) 0.30 0.32 —
1976 484.1 (24) 444.0 (20) 0.46 0.50 —
1977 725.8 (24) 751.6 (20) 1.73 1.67 —
1978 1991.6 (16) 189.3 (14) (1.50) (1.50) —
Total 1378.5 (24) 1368.3 (20) 1.29 1.30 1.57
Values calculated with the growth-increment method are shown for the whole investigations period and for 1978. The numbers in brackets show
number of samples where the year-class is represented.
Table 4. Calculated production (mg ash-free dry weight m2) of Theodoxus fluviatilis with the growth increment, Allen curve and
Hynes methods
Year-class Starting biomass (mgm2) Loss of weight (mgm2) Production (mgm2)
Growth increment Allen curve Hynes
1975 90.4 106.7 16.3 16.2 —
1976 1246.3 1470.2 223.9 242.7 —
1977 309.1 1566.6 1257.5 1344.3 —
1978 0.2 287.1 286.9 291.8 —
Total 1646.0 3430.6 1784.5 1895.0 2284.0
The initial biomass and total weight loss during the entire investigation period are used in calculations of the growth-increment method.
J. Kirkegaard / Limnologica 36 (2006) 26–4136capsules were laid the previous year during August.
Neumann (1959) found that completion of the egg/
embryonic stage took 30 days at 25 1C or 65 days at
20 1C. Skoog (1973) observed a developmental timeequal to 180 days at temperatures above 10 1C. Capsules
which were produced in early June in Lake Esrom,
hatched 2–2.5 months later during August. These
juveniles took about 400 days for their development. It
ARTICLE IN PRESS
Table 6. Numbers and the percentage distribution of the gastropods collected from November 1977 to February 1979 at
Graverhus in Lake Esrom
Species Lake Esrom North German Lakes (%)
1977–1979 1937
Number % Numbera %
Theodoxus fluviatilis L. 17,206 83.0 626 88.8 64
Valvata cristata Mu¨ller 333 1.6 19 2.7 —
Valvata piscinalis Mu¨ller 433 2.0 13 1.8 0.4
Potamopyrgus jenkinsi Smith 797 3.8 — — —
Marstoniopsis steinii v. Martens — — — — 0.16
Bithynia leachii Sheppard 75 0.4 6 0.9 0.66
Bithynia tentaculata L. 428 2.1 24 3.4 19
Physa fontinalis L. 107 0.5 7 1.0 0.67
Lymnaea palustris Mu¨ller — — 1 0.1 1.5
Lymnaea pereger Mu¨ller 98 0.5 2 0.3 2.2
Lymnaea auricularia L. — — — — 2.6
Lymnaea stagnalis L. — — — — 0.33
Planorbis carinatus Mu¨ller — — 1 0.1 1.1
Anisus vortex L. — — — — 0.33
Anisus vorticulus Troschel — — — — 0.16
Anisus contortus L. 51 0.2 1 0.1 —
Gyraulus albus Mu¨ller 702 3.4 2 0.3 3.3
Gyraulus crista L. 495 2.4 3 0.4 —
Hippeutis complanatus L. 14 0.1 — — —
Segmentina nitida Mu¨ller — — — — 0.16
Similar information from the stony littoral at Kongebro in Lake Esrom (Berg, 1938) is also shown, together with percentage composition of snails in
10 lakes in the north of Germany (Ehrenberg, 1957).
aNotice that the total area sampled in the 1937 study was less than that sampled in 1977–1979.
J. Kirkegaard / Limnologica 36 (2006) 26–41 37was not possible to examine the reproductive phases in
further detail, but it appears that the example in
Neumann (1959) with a developmental time approx-
imating 650 days is an exaggeration.
Individual regressions for length/weight (AFDW)
relationships did not differ signiﬁcantly over time in
the present study. Similar regressions in other studies
have been found to be slightly dependent on water
temperature (McMahon, 1975; Simpson, 1978). Calow
(1975); however, examined several snail species, but
found no temporal variations in length/DW determina-
tions, and it therefore appears appropriate to use one
regression only. With regard to the organic matter
content in the shell of Theodoxus, the present study
showed it to be 2.42% of total shell DW, corresponding
to estimates of 10–20% of total organic content in small
and big individuals of Theodoxus, respectively. Price,
Thayer, Lacroix, & Montgomery (1976) found values of
32.8–37.5% of total organic matter in the shells of three
estuarine gastropod species. The percentage organic
matter in shells was 2.7–3.2%. When examining three
bivalve species, Cameron & Carter (1979) discovered a
species-speciﬁc organic content of the shells, which
equalled 2.26–3.75% of shell DW. The percentage of
organic content in shells versus total organic matter wasfound in the range of 5–30%, depending on species and
individual size of the animals.
Juvenile Theodoxus measured 0.8–0.9mm when re-
leased from the capsules. The maximum individual
length of the 1978 year-class was about 4.0mm by
November, when growth ceased (Figs. 1 and 5). The
prolonged period of recruitment of the 1978 year-class
affected the estimates of mean individual AFDW of this
year-class (Fig. 5). Growth of older year-classes other-
wise peaked during May–August. Both growth and
maximum individual size depend on temperature and
amount of available food in the habitat (Russell-Hunter,
1961b). The maximum shell length in Lake Esrom was
8.6mm. Individuals bigger than 9.0mm has been found
in the Danish River Susaa, River Esrom and Lake Tissø
(Kirkegaard & Dall, unpublished). The River Esrom is
the outlet from Lake Esrom, and the temperature
regime here is identical to that of the lake littoral.
Johansen (1918) found that the average size of
Theodoxus increased with decreasing salinity of the
habitats. The average size of individuals in Lake Esrom
was less than found in the River Werra (Ulrich &
Neumann, 1956).
The size structure of the Theodoxus population
at Graverhus in Lake Esrom showed full-grown
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J. Kirkegaard / Limnologica 36 (2006) 26–41 39individuals with shell lengths averaging 7.0–7.5mm.
This size distribution is equal to that observed for
populations in brackish waters (Johansen, 1918; Skoog,
1971). The smaller average size compared to other
freshwater populations could be an indication of food
limited growth of suitable algae.
Diatoms are considered the dominant food resource
of Theodoxus (Neumann, 1959; Skoog, 1978). Blue-
green algae may be important as food also (Calow,
1973a; Skoog, 1978), though they have often been
regarded as unsuitable food because of toxins and the
content of indigestible mucopolysaccharids in the
cellwalls (Calow, 1973b; Hargrave, 1970; Ingram &
Presscott, 1954; Presscott, 1948). Similarly, also green
algae are also considered a poor food supply,
because Theodoxus appears to lack the ability to digest
cellulose (Neumann, 1961). Diatoms are especially
frequent in the littoral of Lake Esrom during spring
and summer. The species composition includes Gom-
phonema sp., Rhoicosphenia sp., Tabellaria sp., Epithe-
mia sp., Fraqillaria sp. and Cocconeis sp. The
composition of epilithic algae during late summer and
autumn is unknown, but the growth of Cladophora sp.
was vigorous and the tufts can build up whole carpets in
the shallow water, on the western shore especially. This
could well reduce the food supply and food availability
of Theodoxus. Storms and heavy wave action break up
the Cladophora mat and the stones may periodically be
more or less covered by sand. These periods make the
littoral environment unfavourable for both growth and
survival of Theodoxus.
The growth of Cladophora sp. during summer was
most vigorous on the relatively sheltered western shore,
but the differences in composition and amount of the
epilithic growth of algae is otherwise unknown.
The average net production of Theodoxus at Grave-
rhus during 1977/1979 was 4.8mgAFDWm2, which is
within the range observed for other snail populations in
freshwater (e.g. Browne, 1978; Hunter, 1975; Mann,
1971; Mattice, 1972; McMahon, 1975; McMahon,
Hunter, & Russell-Hunter, 1974; Streit, 1976; Winther
& Dahl, 1998). The highest reported production in the
temperate zone appears to be 45.4mgAFDWm2 for a
population of Lymnaea palustris (Hunter, 1975).
The annual P/B ratio of Theodoxus was 1.30
(Table 7), which is close to estimates for biennial
populations of other species of Prosobranchiata. Mann
(1971) found a P/B ratio of 1.63 for B. tentaculata and
P/B ratio of 1.59 for Viviparus viviparus, both popula-
tions living in the River Thames.Acknowledgements
The author wishes to thank P.C. Dall, Ph. D for
valuable criticism and advice during he investigations.Profs. J. O. Young and P. M. Jo´nasson are thanked for
valuable suggestion and linguistic corrections of the
manuscript.References
Allen, K. R. (1951). The Horokiwi Stream: A study of a trout
population. Fishery Bulletin New Zealand, 10, 1–238.
Becker, K. (1949). Untersuchungen u¨ber das Farbmuster und
das Wachstum der Molluskenschale. Biologisches Zentral-
blatt, 68, 263–288.
Berg, K. (1938). Studies on the bottom animals of Esrom
Lake.Det Kongelige Danske Videnskabernes Selskab.
Skrifter, naturvidenskabelig og mathematisk Afdeling, 9(8),
1–255.
Boerger, H. (1975). A comparison of the life cycles,
reproductive ecologies and size-weight relationships of
Helisoma anceps, H. campanulatum, and H. trivolvis
(Gastropoda, Planorbidae). Canadian Journal of Zoology
– Revue, 53, 1812–1824.
Bondesen, P. (1940). Preliminary investigations into the
development of Neritina fluviatilis L. in Brackish and Fresh
Water. Videnskabelige Meddelelser fra Dansk Naturhistor-
isk Forening, 104, 157–220.
Bondesen, P. (1950). A comparative morphological–biological
analysis of the egg capsules of freshwater pulmonate
gastropods. Natura Jutlandica, 3, 1–208.
Boycott, A. E. (1936). The habitats of fresh-water mollusca in
Britain. Journal of Animal Ecology, 5, 116–186.
Browne, R. A. (1978). Growth, mortality, fecundity, biomass
and productivity of four lake populations of the proso-
branch snail, Viviparus georgianus. Ecology, 59, 742–750.
Calow, P. (1973a). On the regulatory nature of individual
growth: Some observations from freshwater snails. Journal
of Zoology, London, 170, 415–428.
Calow, P. (1973b). The Food of Ancylus fluviatilis (Mu¨ll.), a
littoral stone-dwelling, herbivore. Oecologia (Berlin), 13,
113–133.
Calow, P. (1975). Length-dry weight relationships in snails:
Some explanatory models. Proceedings of the Malacological
Society of London, 41, 357–375.
Calow, P. (1978). The evolution of life-cycle strategies in fresh-
water gastropods. Malacologia, 17, 351–364.
Cameron, R. A. D., & Carter, M. A. (1979). Intra- and
interspeciﬁc effects of population density on growth and
activity in some helicid snails (Gastropoda: Pulmonata).
Journal of Animal Ecology, 48, 237–246.
Cummins, K. W., & Wuycheck, J. C. (1971). Caloric
equivalents for investigations in ecological energetics.
Mitteilungen Internationalen Vereinigung Limnologie, 18,
1–158.
Dall, P. C. (1979). A sampling technique for littoral stone
dwelling organisms. Oikos, 33, 106–112.
Dall, P. C. (1981). A new grab for the samples of zoobenthos
in the upper stony littoral zone. Archiv fu¨r Hydrobiologie,
92, 396–405.
Dewitt, R. M. (1955). The ecology and life history of the pond
snail Physa gyrina. Ecology, 36, 40–44.
ARTICLE IN PRESS
J. Kirkegaard / Limnologica 36 (2006) 26–4140Dall, P. C., Lindegaard, C., Jo´nsson, E., Jo´nsson, G., &
Jo´nasson, P. M. (1984). Invertebrate communities and their
environment in the exposed littoral zone of Lake Esrom.
Denmark. Archiv fu¨r Hydrobiologie, Special Issues, 69,
477–524.
Eckblad, J. W. (1973). Population studies of three aquatic
gastropods in a intermittent backwater. Hydrobiologia, 41,
199–219.
Ehrenberg, H. (1957). Die Steinfauna der Brandungsufer
ostholsteinischer Seen. Archiv fu¨r Hydrobiologie, 53,
87–159.
Eleutheriadis, N., & Lazaridou-Dimitriadou, M. (2001). The
life cycle, population dynamics, growth and secondary
production of Bithynia graeca (Westerlund, 1879) (Gatro-
poda) in Lake Kerkini, Northern Greece. Journal of
Molluscan Studies, 67, 319–328.
Elliott, J. M. (1977). Some methods for the statistical analysis
of samples of benthic invertebrates. Freshwater Biological
Association Scientific Publication, 25, 1–160.
Eversole, A. G. (1978). Life-cycles, growth and population
bioenergetics in the snai1 He1isoma trivo1vis (Say). Journal
of Molluscan Studies, 44, 209–222.
Fretter, V., & Graham, A. (1978). The Prosobranch Molluscs
of Britain and Denmark. Part 3 – Neritacea, Viviparacea,
Valvatacea, Terrestrial and Freshwater Littorinacea and
Rissoacea. Supplement 5. Journal of Molluscan Studies,
99–152.
Gillespie, D. M. (1969). Populations studies of four species of
molluscs in the Madison River, Yellowstone National Park.
Limnology and Oceanography, 14, 101–114.
Hargrave, B. T. (1970). The Utilization of benthic microﬂora
by Hyallella azteca (Amphipoda). Journal of Animal
Ecology, 39, 427–437.
Hubendick, B. (1947). Die Verbreitungsverha¨ltnisse der
limnischen Gastropoden in Su¨dschweden. Zoologiska
Bidra¨g, Uppsala, 24, 419–559.
Hunter, R. D. (1975). Growth, fecundity, and bioenergetics in
three populations of Lymnaea palustris in upstate New
York. Ecology, 56, 50–63.
Hynes, H. B. N. (1961). The invertebrate fauna of a
Welsh mountain stream. Archiv fu¨r Hydrobiologie, 57,
344–388.
Ingram, W. M., & Presscott, G. W. (1954). Toxic freshwater
algae. American Midland Naturalist, 52, 75–87.
Iversen, T. M., & Dall, P. C. (1989). The effect of growth
pattern, sampling interval and number of size classes on
benthic invertebrate production estimated by size-fre-
quency method. Freshwater Biology, 22, 323–331.
Jaeckel, S. (1952). Zur O¨kologie der Molluskenfauna in der
westlichen Ostsee. Schriften des Naturwissenschaftlichen
Vereins fu¨r Schleswig-Holstein, 26, 18–50.
Johansen, A. C. (1918). Bløddyrene i Randers fjord. In
Johansen, A.C. (Ed.), Randers fjords Naturhistorie, Køben-
havn.
Jo´nasson, P. M. (1948). Quantitative studies of the bottom
fauna of the river Susaa. Folia Limnologica Scandinavica, 4,
204–287.
Jo´nasson, P. M. (1972). Ecology and production of the
profundal benthos in relation to phytoplankton in Lake
Esrom. Oikos Supplementum, 14, 1–148.Jo´nasson, P. M. (1996). Limits for life in the lake ecosystem.
Internationale Vereinigung fu¨r theoretische und angewandte
Limnologie, 26, 1–33.
Kirkegaard, J. (1980). Livscyklus, vækst og produktion hos
Theodoxus fluviatilis i Esrom Sø. M.S. Thesis, Freshwater
Biological Laboratory, University of Copenhagen.
Kirkegaard, J., & Dall, P. C. Data of Theodoxus fluviatilis in
Lake Tissø, Unpublished.
Lilly, M. M. (1953). The mode of life and the structure and
functioning of the reproductive ducts of Bithynia tentacu-
lata (L.). Proceedings of the Malacological Society of
London, 30, 87–110.
Macan, T. T., & Maudsley, R. (1969). Fauna of the stony
substratum in lakes in the English Lake District. Inter-
nationale Vereinigung fu¨r theoretische und angewandte
Limnologie, 17, 173–180.
Mann, K. H. (1971). Use of the Allen curve method for
calculating benthic production. In W. T. Edmonson, & G.
G. Winberg (Eds.), A manual on methods for assessment of
secondary productivity in fresh waters. IBP handbook no 17
(pp. 160–165). Oxford, Edinburg: Blackwell Science Pub-
lishers.
Mattice, J. S. (1972). Production of a natural population of
Bithynia tentaculata L. (Gastropoda, Mollusca). Ekologia
Polska, 20, 525–539.
McMahon, R. F. (1975). Growth, reproduction and bioener-
getics variation in three natural populations of a freshwater
limpet, Laevapex fuscus (C. B. Adams). Proceedings of the
Malacological Society of London, 41, 331–351.
McMahon, R. F., Hunter, R. D., & Russell-Hunter, W. D.
(1974). Variation in Aufwuchs at six freshwater habitats in
terms of carbon biomass and af carbon: nitrogen ratio.
Hydrobiologia, 45, 391–404.
Morin, A., Mousseau, T. A., & Roff, D. A. (1987). Accuracy
and precision of secondary production estimates. Limnol-
ogy and Oceanography, 32, 1342–1352.
Muus, B. J. (1967). The fauna of Danish estuaries and lagoons.
Meddelelser fra Danmarks Fiskeri- og Havundersøgelser Ny
serie, 5(1), 1–316.
Neumann, D. (1959). Morphologische und experimentelle
Untersuchungen u¨ber die Variabilita¨t der Farbmuster auf
der Schale von Theodoxus fluviatilis L. Zeitschrift fu¨r
Morphologie und O¨kologie der Tiere, 48, 349–411.
Neumann, D. (1961). Erna¨hrungsbiologie einer rhipidoglossen
Kiemenschnecke. Hydrobiologia, 17, 133–151.
Presscott, G. W. (1948). Objectionable algae with reference
to the killing of ﬁsh and other animals. Hydrobiologia, 1,
1–13.
Price, T. J., Thayer, G. W., Lacroix, M. W., & Montgomery,
G. P. (1976). The organic content of shells and soft tissues
of selected estuarine Gastropods and Pelecypods. Proceed-
ings Natural Shellfisheries Association, 65, 26–31.
Russell-Hunter, W. (1961a). Annua1 variations in growth and
density in natural populations of freshwater snails in the
west of Scotland. Proceedings of the Zoological Society of
London, 136, 219–253.
Russell-Hunter, W. (1961b). Life cycles of four freshwater
snails in limited populations in Loch Lomond, with a
discussion of infraspeciﬁc variation. Proceedings of the
Zoological Society of London, 137, 135–171.
ARTICLE IN PRESS
J. Kirkegaard / Limnologica 36 (2006) 26–41 41Russell-Hunter, W.D., Meadows, R.T., Apley, M.L., & Burky,
A.J. (1968). On use of a ‘‘wet-oxidation’’ method for
estimating of total organic carbon in mollusc growth
studies. Proceedings of the Malacological Society of London
38, 1–11.
Sa¨rrka, J. (1972). The bottom macrofauna of the oligotrophic
Lake Konnevesi, Finland. Annales Zoologici Fennici, 9,
141–146.
Scha¨fer, H. (1953). Beitra¨ge zur Erna¨hrungsbiologie einhei-
mischer Su¨ßwasserprosobranchier. Zeitschrift fu¨r Morpho-
logie und O¨kologie der Tiere, 41, 247–264.
Simpson, J. F. (1978). Organic carbon, environmental factors
and growth in the small euryhaline gastropod Potamopyrgus
jenkinsi (Smith). Journal of Molluscan Studies, 44, 104–112.
Skoog, G. (1971). Variations in the distribution of Theodoxus
fluviatilis on stony localities in the northern Baltic proper.
Thalassia jugoslavia, 7, 363–372.
Skoog, G. (1973). Salinity reactions of two fresh water snails
from brackish water. Oikos Supplementum, 15, 253–260.
Skoog, G. (1978). Inﬂuence of natural food items on growth
and egg production in brackish water populations of
Lymnea peregra and Theodoxus fluviatilis (Mollusca).
Oikos, 31, 340–348.
Stanczykowska, A., Magnin, E., & Dumouchel, A. (1971).
Etude de trois populations de Viviparus malleatus (Reeve)
(Gastropoda, Prosobranchia) de la re´gion de Montre´al. I.
Croissance, fe´condite´, biomasse et pruduction annuelle.
Canadian Journal of Zoology, 49, 1431–1441.Streit, B. (1976). Energy Flow in four different ﬁeld popula-
tions of Ancylus fluviatilis (Gastropoda–Basommatophora).
Oecologia (Berlin), 22, 261–273.
Ulrich H., & Neumann, D. (1956). Zur Biologie einer
Salzwasserpopulation der Flussdeckelschnecke (Theodoxus
fluviatilis L.). In Steiniger (Ed.), Natur und Jagd in
Niedersachsen (pp. 219–222). Hannover.
Waters, T. F. (1977). Secondary production in inland waters.
Advances in Ecological Research, 10, 91–165.
Waters, T. F., & Crawford, G. W. (1973). Annual production
of a stream mayﬂy population: a comparison of methods.
Limnology and Oceanography, 18, 286–296.
Wesenberg-Lund, C. (1908). Die littoralen Tiergesellschaften
unserer gro¨ßeren Seen. International Review of Hydrobiol-
ogy, 1, 574–609.
Winther, L. B., & Dahl, A. (1998). Respiration and Production
of the Prosobranch snail Potamopyrgus antipodarum (Gray)
[ ¼ P. jenkinsi (Smith)] in Lake Esrom, Denmark. Limno-
logica, 28, 285–292.
Young, M. R. (1975). The life cycles of six species of
freshwater molluscs in the Worcester-Birmingham Canal.
Proceedings of the Malacological Society of London, 41,
533–548.
Økland, J. (1964). The eutrophic lake Borrevann (Norway) –
An ecological study on shore and bottom fauna with special
reference to gastropods, including a hydrographic survey.
Folia Limnologica Scandinavica, 13, 1–337.
